The turnover of phosphoinositides is also implicated in neurite formation and extension (6). 
The turnover of phosphoinositides is also implicated in neurite formation and extension (6) . isozymes have been identified and grouped into six classes, β, γ, δ, ε, ζ , and η, based on their structure and regulatory mechanisms. Among these classes, PLCδ is evolutionarily conserved from yeasts to mammals, and therefore, it is expected to have important physiological functions (8) . The PLCδ class consists of the three isozymes, namely, PLC δ1, δ3, and δ4 (9).
Generation
We previously reported that PLCδ1 is necessary for skin homeostasis (10) (11) (12) and that PLCδ4 plays an essential role in the acrosome reaction of sperm (13, 14) . However, the physiological functions of PLCδ3 still remain to be determined.
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Neuro2A neuroblastoma cells, cerebellar granule cells, cortical neurons, and the developing cerebral cortex. We also demonstrate that PLCδ3 suppresses the Rho signaling pathway during neuritogenesis via the downregulation of RhoA level.
EXPERIMENTAL PROCEDURES
Plasmid Constructs-mPLCδ3-pENTR/U6 was generated according to Brummelkamp et al (15) . In brief, PLCδ3-specific sense and antisense sequences, flanking a 6-base hairpin, were annealed and inserted into pENTR/U6 or pGSU6-GFP vector for PLCδ3 knockdown (KD)
by following the manufacture's protocol. The oligonucleotides used for PLCδ3 knockdown were as follows: PLCδ3-targeting oligo, 5′-gatgagcttcaaggagatc-3′ and 5′-gatctccttgaagctcatc-3′ for granule cells and 5′-acagtaagatgagcttcaa-3′ and 5′-ttgaagctcatcttactgt-3′ for Neuro2a, and scramble oligo, 5′-gaattctccgaacgtgtca-3′ and 5′-tgacacgttcggagaattc-3′ for granule cells and 5′-ctagtaagactagaagtgt-3′ and 5′-acacttctagtcttactag-3′ for Neuro2a. PCR-based site-directed mutagenesis was performed to generate GFP-PLCδ3 mutants. For constitutive active (CA) mutant, Ala 482 -Gln 519 was deleted and inserted with Glu-Ser-Glu-Ser linker (16) . As for CA-R79D, Arg 79 in CA mutant was replaced with
Asp by site-directed mutagenesis. The GST-tagged PLCδ3 H393A mutant, a catalytic mutant of GST-PLCδ3, was constructed by site-directed mutagenesis by using the following primers with the NaeI site:
5′-gggaacctgtcatctacgccggccacacgctcacct-3′ and 5′-aggtgagcgtgtggccggcgtagatgacaggttccc-3′.
Wild-type PLCδ3 and all the PLCδ3 mutants were subcloned into pEGFP-C for expression, and the GST-H393A construct was prepared by using the GST-FastBac vector for the Baculovirus/Sf-9 expression system (17) .
Culture, Knockdown, and Extensional

Induction of Neuro2a Cells, Cerebellar Granule Cells and Primary Cortical Neurons-Neuro2a
cells were seeded at 1. and 5′-gcggtcataatcttcctgtc-3′ (reverse); Cdc42, 5′-gcgcgggatctgaaggctgtca-3′ (forward) and 5′-tgcttttagtatgacgacaacacca-3′ (reverse); Rac, 5′-ccagtgaatctgggcctatggg-3′ (forward) 5′-tggccagcccctgcgggtag-3′ (reverse); β-actin, 5′-accaactgggacgacatggagaaga-3′ (forward) and 5′-acgaccagaggcatacagggacag-3′ (reverse);
GAPDH, 5′-ccatgccatcactgccaccc-3′ (forward) and 5′-tgtcatcatacttggcaggtttc-3′ (reverse); PLCδ1, 
RESULTS
PLCδ3 regulates neurite outgrowth in cerebellar granule cells-Several studies have
shown that PI3-kinase and several PLC isoforms are involved in neurite outgrowth by using neuroblastoma cell lines and cortical neurons (6, 20) . Therefore, we tried to examine the physiological function of PLCδ3 in neuronal cells.
PLCδ3 is enriched in the mouse adult brain and is especially abundant in the cerebellum and cerebral cortex (Fig. 1A) . To characterize the physiological importance of PLCδ3 in neurite extension, we first examined the effects of PLCδ3 knockdown on neurite in cerebellar granule cells isolated from the cerebellum. In isolated granule neurons, the expression of PLCδ3 was relatively high among PLC delta-type isozymes (Fig. 1B) .
Cultured granule cells show progressive axogenesis during the first several days preceding the development of shorter dendrites (18) and PLCδ3 is expressed throughout the 3 days of culture in vitro (Fig. 1C) . We used two distinct targeting sequence for PLCδ3KD and confirmed the PLCδ3 targeting sequence for each shRNA was effective to suppress the expression of endogenous PLCδ3 in Neuro2a cells (Fig. 1D ). Interestingly, the neurites of GFP-positive PLCδ3KD cells were less elongated than those of control GFP-positive cells (Fig. 1E ). 
Then transient
PI(4,5)P2-hydrolyzing activity is necessary for proper neurite extension upon serum withdrawal-
To examine whether the PI(4,5)P2-hydrolyzing activity of PLC is necessary for neurite extension, we generate a mutant of PLCδ3 that lacks PLC activity (Fig. 5A) . The primary sequence of PLCδ3 is very similar to that of PLCδ1, and the His356 of PLCδ1 is one of the essential catalytic residues for the hydrolysis reaction. By analogy with PLCδ1, the His393 of PLCδ3 was predicted to catalyze PI(4,5)P2 hydrolysis in PLCδ3. To examine whether His393 is responsible for the PI(4,5)P2-hydrolyzing activity of PLCδ3, recombinant PLCδ3 was prepared using a baculovirus expression system and PLC activity was measured (Fig. 5A) . There was no hydrolyzing activity for the H393A mutant, indicating that the point mutation caused a 9 complete loss of catalytic activity.
We also examined the localization of GFP-tagged PLCδ1, PLCδ3, and H393A in Neuro2a cells in the absence of serum. PLCδ1 was mainly localized at the plasma membrane and lower amounts of PLCδ1 were detected in the cytoplasm and nucleus as previously shown (21) . Wild-type GFP-PLCδ3 was localized at the plasma membrane and nucleus (Fig. 5B) .
Interestingly, the H393A mutant was not localized in the plasma membrane or nucleus, suggesting that this mutation affects not only its PLC activity but also its localization signal.
When we introduced the H393A mutant into PLCδ3KD Neuro2a cells, neurite outgrowth was not restored and the appearance of the neurite extensions was completely different (Fig. 5C, D) .
The introduction of the catalytic mutant H393A induced the formation of multiple short protrusions in contrast to the normal neurite outgrowth induced by wild-type PLCδ3 (Fig. 5D ). To examine the physiological role of the PLCδ3 activity, we introduced GFP-PLCδ3, CA, or CA-R79D into Neuro2a cells or cortical neurons and the neurite outgrowth was analyzed upon serum withdrawal (Fig. 5F-H) . The GFP-CA mutant was localized at the plasma membrane or nucleus similar to wild-type PLCδ3 in Neuro2a (Fig. 5F ). In contrast, CA-R79D was mainly distributed in the nucleus (Fig. 5F ).
Noticeably, the CA mutant exerted a profound effect on neurite outgrowth upon serum withdrawal (Fig. 5F, G) . Exogenous PLCδ3 had a greater stimulatory effect on neurite outgrowth than control (Fig. 5G) , however, expression of CA-R79D somewhat abolished the effect in the absence of serum, indicating that the activity and specific targeting of PLCδ3 to the plasma membrane are critical for neurite outgrowth.
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Similar effect of GFP-CA introduction on neuronal outgrowth was observed in cortical neurons at 3DIV (Fig. 5H) . The profound effect of GFP-CA mutant on neurite outgrowth (1.9-fold, (Fig. 6B, C) . Cortical neurons were also treated with 25 µM Y27632 at 2DIV and incubated for 24 hrs. Treatment of control neurons with Y27632 did not affect the neurite outgrowth at 3DIV (Fig. 6E) . Although PLCδ3 KD caused significant inhibition of neurite outgrowth in the absence of the Rho-kinase inhibitor, Y27632 treatment reverted the inhibitory effect of PLCδ3KD on the outgrowth to the similar level of control neurons (Fig. 6D, E) . Fig. 7D) , suggesting that the combination of PLCδ3 with neurite extension signals is important for RhoA downregulation (Fig. 7D) . Exogenous PLCδ3-CA also downregulated RhoA levels more than wild-type PLCδ3 upon serum withdrawal (Fig.   7E ). (Fig. 7G) . These results strongly suggest that PLCδ3 negatively regulates RhoA expression at the transcriptional level by serum withdrawal.
Several
DISCUSSION
PLCδ3 is enriched among PLCδ isozymes in
neuronal tissues, including the cerebellum and cerebral cortex, (Fig. 1A, B, 3A) ; therefore, we focused on the function of PLCδ3 in neurons. In this study we demonstrated for the first time that PLCδ3 function is important for neurite formation in primary cerebellar granule cells (Fig. 1B-E (Fig. 3E ).
Axonal outgrowth of cortical neurons was also impaired by PLCδ3 knockdown treatment ( Fig. 3B-E) and PLCδ3 activity was required for the extension of cortical axon (Fig. 5H, I ). Therefore it seems to be reasonable that PLCδ3KD could To gain further insights into the molecular mechanism of PLCδ3 in neuronal extension, we searched several neuronal cell lines expressing PLCδ3 and found that PLCδ3 is relatively abundant in Neuro2a cells (Fig. 4A) . We showed that PLCδ3 is also indispensable for neurite outgrowth in Neuro2a neuroblastoma cells induced by serum withdrawal (Fig. 4C, D) or treatment with RA (Fig. 4E, F) . RA secretion from the cortical meninges is known to regulate the generation of cortical neurons (31) , suggesting that the involvement of PLCδ3 in neuronal extension could recapitulate in vivo model of neurogenesis. It was noted that the H393A mutant did not compensate for the inhibitory effect of PLCδ3 knockdown on neurite outgrowth and 13 induced formation of multiple protrusions in PLCδ3KD cells (Fig. 5D ). In addition, PLCδ3-CA but not the CA-R79D mutant promoted neurite elongation (Fig. 5F ). Similar effect of CA mutant on neuronal outgrowth was also observed in cortical neurons (Fig. 5H, I) , indicating that the catalytic activity of PLCδ3 is necessary for normal neurite outgrowth. Rho-kinase inhibitor, rescues neurite outgrowth inhibited by PLCδ3 knockdown in Neuro2a, however, it did not stimulate the outgrowth in control cells (Fig. 6B, C) . The reversible effect of Y27632 on neurite outgrowth was also observed in the case for cortical PLCδ3KD neurons ( Fig.   6D, E) . Third, PLCδ3 downregulated RhoA levels upon serum withdrawal in Neuro2a and CA mutant downregulated the RhoA protein levels more than wild-type PLCδ3 (Fig. 7A, C 
, D, E).
These results strongly support the idea that RhoA/Rho kinase signaling is specifically located downstream of PLCδ3 in neurite outgrowth and that this signaling is negatively regulated by PLCδ3 during neuritogenesis in the case for Neuro2a or cortical neurons.
The activation/inactivation of RhoA is regulated by a balance between RhoGAP and RhoGEF. Furthermore, the amount of the GTP-bound active form is considered to be an index of RhoA activation. We observed a decrease in the level of active RhoA level in control Neuro2a cells upon serum withdrawal, whereas there was no decrease detected in PLCδ3KD cells (Fig. 7B) . However, the ratio of RhoA activity to (Fig. 7A, C) . More 
